In this work the application of response surface methodology (RSM) to proportional-integral-derivative (PID) controller parameter tuning for electrocoagulation (EC) treatment of pulp and paper mill wastewater was researched. Dynamic data for two controlled variables (pH and electrical conductivity)
INTRODUCTION
The pulp and paper industry has high pollutant discharges to the environment. Pulp and paper wastewater contains chlorinated compounds, phenols, lignin and sulphur compounds that are responsible for high total organic carbon (TOC), chemical oxygen demand (COD), colour and turbidity (Shankar et al. ) . Discharge of these wastewaters into the environment without treatment increases the quantity of toxic substances in the receiving water and damages scenic beauty (Behrooz et al. ) . It is reported that the most commonly used treatment methods of pulp and paper effluent are physical adsorption (Shawwa et al. ) , chemical oxidation (Hassan & Hawkyard ) , wet oxidation (Verenich et al. ) and biochemical methods (Rajeshwari et. al. ; Raj et al. ) . Biological treatment methods are not effective in pulp and paper wastewater treatment because of the low biodegradability of the wastewater (Aghdam et al. ) . Besides, high sludge generation is the major disadvantage of chemical treatment (Camcıoglu et al. ) . Therefore, there has been an increasing interest in electrochemical methods for the treatment of pulp and paper effluent. Electrocoagulation (EC) is one of the alternative methods in wastewater treatment, resulting in the coagulation of small charged colloidal particles. (Verenich et al. ; Raj et al. ) . In recent years, EC has been reported as a simple, efficient and economical method and able to successfully treat different effluents, such as boroncontaining wastewater (Xu et al. ) , municipal wastewater (Moreno et al. ) , textile wastewater (Mahmoodi & Dalvand ) , dairy wastewater (Benaissa et al. ) , industrial area wastewater (Yadav et al. ) , tannery wastewater (Varank et al. ) , water containing heavy metals (Vasudevan et al. ) and pulp and paper mill wastewater (Pokhrel & Viraraghavan ; Sridhar et al. ; Camcioglu et al. ; Asaithambi ) .
Pulp and paper mill wastewater treatment by EC is a very complex process and is greatly influenced by many factors, including electrode configuration and material, current density, electrolysis time, pH, temperature and electrical conductivity (El-Ashtoukhy et al. ; Zaied & Bellakhal ; Sridhar et al. ) . Temperature affects the efficiency of pollutant removal through reaction rates, fluid conductivity, metal hydroxide solubility and bubble generation (Phalakornkule et al. ) . It is reported that aluminium solubility can be improved by increasing the solution temperature (Perry et al. ) . The electrical conductivity of a solution depends on the ion concentration and the temperature (McCleskey et al. ) . Control of electrical conductivity is crucial due to Ohm's law of resistance, as high values of electrical conductivity reduce the resistance, the potential difference and the power consumption of the EC process under constant current conditions (Terrazas et al. ) . Chemical dissolution of metal electrodes is closely related to the pH value of the solution. In a certain pH range, the metal ions in the solution can form many coagulated species and metal hydroxides that adsorb dissolved contaminants and destabilize suspended particles (Cañizares et 3(s) through complex precipitation kinetics (Bayramoglu et al. ) . When the pH is higher than 10, the monomeric Al(OH) 4 À anion concentration increases (Alinsafi et al. ) . It is reported that pH increases during the EC process (Demirci et al. ) . Accordingly, the formation of ionic compounds that have high solubility in water cause a decrease in removal efficiencies. As a result, the control of temperature, pH and electrical conductivity at their optimum values is essential. (Cominos & Munro ; Altinten et al. ) . Generally, the initial designs should be repeatedly adjusted by computer simulations until a desirable closedloop system performance is achieved (Ang et al. ) . There are many factors that influence the effect of PID control, and among the most important is selection of the three parameters proportional gain, integral time constant and derivative time constant (Liu et al. ) . Parameter selection is a combinatorial optimization problem and the result directly determines the effect of PID control; thus, parameter tuning plays an important role in evaluating the performance of a PID controller (Liu et al. ) . The velocity form of the digital PID controller is given in Equation (1), where the values of the controller output at each sampling time are calculated (Karacan et al. ) .
Here, u(t) is the controller output, K C is the proportional gain, τ I is the integral time constant, τ D is the derivative time constant, Δt is the sample time and ε(t) is the error that is the difference between a set point and a measured value of the controlled variable. According to the equation above, when the measured value exceeds the set point, ε(t) will be negative, so that the controller output will decrease. In some cases, such as control of rising pH using acidic solutions, process dynamics require an inverted controller action. Such an action can be obtained with a negative K C selection.
The objectives of this study were to apply response surface methodology (RSM) as a new tuning strategy to optimize PID controller performances for pH and electrical conductivity parameters of an EC process in which pulp and paper mill wastewater was treated, and to determine the effects of control action on pollutant removal and energy consumption values.
Theoretically optimized PID parameters for pH and electrical conductivity controllers were applied to batch experimental studies to evaluate the performances of the controllers. COD, colour, turbidity, total suspended solids (TSS) removal efficiencies and energy consumption values were compared with uncontrolled treatment results.
METHODS
Real wastewater obtained from a pulp and paper mill in Turkey was used in this study. Table 1 shows the characteristics of the wastewater.
In this study, pH and electrical conductivity were selected as controlled variables; acid and supporting electrolyte flow rates were selected as manipulated variables. Pseudo random binary sequence (PRBS) input signals were applied to the manipulated variables for dynamic analyses of pH and electrical conductivity. Obtained dynamic data were used to evaluate third order plus time delay (TOPTD) models' parameters using System Identification Toolbox™ in MATLAB ® .
For each controller, four level full factorial design was applied to form a design matrix using K C , τ I and τ D parameters as factors. The levels of factors and design matrices for pH and electrical conductivity are given in Tables 2 and 3 respectively. Integral of square error (ISE), integral of absolute error (IAE), integral of time square error (ITSE) and integral of time absolute error (ITAE) performance criteria which are given below in Equations (2)-(5) were calculated for each run as response. Since performance criteria depends on the error, the lower values of ISE, IAE, ITAE and ITSE are indicators of better performance (Altuntaş& Hapoglu ).
Design matrices were implemented using PID control system simulations shown in Figure 1 , which were designed in Simulink ® using TOPTD models of pH and electrical conductivity parameters. According to the results obtained, PID parameters for pH and conductivity were optimized theoretically for each controller in MINITAB 17 software. Theoretical control application for pH and conductivity were performed with these PID parameters by using closed-loop PID control system simulations. I is the applied current intensity in A, V m is the mean potential difference applied in V, t is the duration of treatment in hours and V E is the volume of treated wastewater in L. All removal efficiency and energy consumption calculations were made on the basis of sedimented wastewater characteristics (Table 1) .
Experimental studies were carried out in a 2 L plexiglas reactor with six aluminium electrodes placed in a monopolar parallel arrangement. 1 L of wastewater was fed to the reactor before each experiment. Cooling water from a refrigerated circulating bath (Hoefer RCB20-PLUS) at 12.5 C was passed through the jacket around the reactor by means of an on-off valve to keep the reaction temperature constant at 15 C. The changes in electrical conductivity, pH and temperature of the wastewater were monitored and measured online by sensors (Mettler Toledo M200 Easy) during the experiments. A constant current DC power supply (MAY 11-PS Constant Current Power Supply) was used to maintain current intensity constant at a value of 1.22 A. A stirrer (MTOPS MS3200) was operated at 600 rpm in order to eliminate mass transfer resistances. Dynamic analyses and control studies were performed with 0.5 M HCl and 0.04 M NaCl as acid and supporting electrolyte solutions, respectively. The experimental set-up is shown in Figure 2 . 10 ml samples were taken at 5 min intervals during the experiments to determine COD removal. At the end of 15 min of operations 250 ml samples were taken to analyse COD, colour, turbidity and TSS values. Analyses were carried out according to SM 5220 D, 2120 C, 2130 B and 2540 D respectively (APHA/AWWA/WEF ). 1.5 ml high range digestion solution and 3.5 ml sulfuric acid reagent were added to 2.5 ml samples in 16 × 100 mm culture tubes. Digestion of treated samples was carried out at 150 C for 2 hours using a thermo-reactor (Velp ECO-16).
Absorbance of Cr 3þ ions in the digested samples was read at 600 nm using a spectrophotometer (PG Instruments T60 V). A calibration curve prepared using potassium hydrogen phthalate standards was used to calculate the COD values of the samples. Colour determination of the samples in quartz cuvettes with 1 cm path length were performed at 456 nm using the spectrophotometer. A calibration curve prepared using 500 CU Pt-Co stock solution was used to calculate the colour values of the samples. Sample turbidity was measured using a turbidity meter (Aqualytic AL250T-IR). TSS analyses were performed using a Büchner flask and funnel, a vacuum pump (Rocker 410) and 1.2 μm pore diameter glass fibre filter paper. After filtration, the filter paper was dried at 105 C in an oven (Memmert UN 55) at least 1 hour and weighed on an analytical balance (Bel Engineering M214Ai). This cycle of drying and weighing was repeated until a constant weight was obtained.
RESULTS AND DISCUSSION
PRBS signals were used to disturb the systems which were initially at steady state and to determine the dynamics of electrical conductivity and pH parameters. . Model parameters of electrical conductivity and pH processes were estimated using the data obtained from dynamic analyses. Estimated results from system identification are also given in Figure 3 and transfer functions for electrical conductivity and pH processes are presented in Equations (7) indicate good agreement between experimental data and estimated results as shown in Figure 3 .
RSM was used as a new tuning method for optimizing PID parameters. Four level full factorial design matrices were formed for each controller and performance criteria values (ISE, IAE, ITAE, ITSE) of controllers were determined by applying the factors combinations, which were stated in the design matrices, to close-loop PID control simulations and presented in Table 4 .
To describe the effects of PID parameters on the responses, ISE, IAE, ITAE and ITSE values were fitted to polynomial models in Equations (9)- (16) given in Tables 5  and 6 .
The significance of the obtained models was examined by analysis of variance (ANOVA) with F test. The high F value shows a case where the variability of group means is large relative to the within group variability. Within group variation cannot be controlled, therefore the variation is due to individual differences (Moore ) . If the model is statistically significant, F value of the model should be higher than the related F value given by the F distribution table. P value is also used to express the adequacy of the corresponding F value to imply the significance of the model. At 95% significance level, P value should be below 0.05. Determination coefficient (R 2 ) indicates the fit of the obtained model by comparing simulation results and Table 7 . In Table 7 , F values are higher than the tabulated one (F 0.05(31, 32) ¼ 1.8295) at 95% confidence level, which indicates the statistical significance of the models. Obtaining large F values shows that the terms in the regression model have meaningful effects, but it also shows how little random errors play a role in the consistency of the pattern obtained at the same time (Moore ) . Significance of the models can also be verified by corresponding P values, which are all zero to three decimal places. Determination coefficients show that suggested models explain more than 80% of the total variation, which means a good enough fit to express the design range.
The effects of PID parameters on performance criteria were visualized and shown in the figures given in Appendices 1 and 2 (available with the online version of this paper). Multi-objective optimization was achieved successfully through overall multi-desirability function which minimizes controller performance criteria ISE, IAE, ITAE and ITSE simultaneously to determine the optimum values of PID controller parameters, K C , τ I and τ D . Depending on the response surface models, K C , τ I and τ D were optimized by using MINI-TAB 17 software to provide minimum values of ISE, IAE, ITAE and ITSE for the highest overall desirability as shown in Table 8 . The optimization numerically determines a point that maximizes the desirability function to 1. For multiple responses, all goals with equal weightage were combined into one desirability function. For multi-response optimization, each response must have low and high limits assigned to each objective (Aggarwal et al. ) . Overall multi-desirabilities of 0.9880 and 1.000 were achieved for electrical conductivity and pH controllers respectively.
The results indicate that minimum performance criteria along with maximum controller performance goals can be achieved with high values of K C , very low values of τ I and mid range values of τ D for electrical conductivity. Similarly, optimum pH control can be achieved with low values of K C , mid-range values of τ I and high values of τ D . A negative K C value indicates that inverted control action is required to control pH. Theoretical control was utilized to examine the performance of optimum PID parameters which were obtained by using MINITAB. Electrical conductivity, pH responses and related manipulated variables change with time under theoretical control using optimum PID parameters are presented in Appendix 3 (available with the online version of this paper). In the electrical conductivity process, minimum ISE, IAE, ITAE and ITSE values were found to be 212,075, 272,514, 19,552,588 and 2,387,453 respectively. In the pH process, minimum performance criteria values obtained were 11,089, 3,721, 898,180 and 1,558,913 for ISE, IAE, ITAE and ITSE respectively. Theoretically optimized controller performances were compared with three different tuning methods (Cohen-Coon (Cohen & Coon ) , Ziegler-Nichols (Ziegler & Nichols ) and CST) and the results are given in Table 9 .
Since the RSM tuning method enables the lower values of ISE, IAE, ITAE and ITSE rather than only one criteria, which becomes an indicator of better performance, RSM has increased controller performance in terms of ISE as 99.78%, 99.78% and 99.85% for electrical conductivity, 75.98%, 78.27% and 75.91% for pH compared with Cohen-Coon, Ziegler-Nichols and CST respectively. Results show that a significant performance improvement was achieved by using this method compared to previous literature. The applicability of RSM for tuning the controllers of industrial wastewater treatment processes is extremely high. Similar to work already published, all that is needed to implement this method is either dynamic analysis data or a mathematical model that describes the system. Similarly, since the optimization is performed in a simulation environment, there will not be any application cost.
As can be seen from Appendix 3, control applications of electrical conductivity and pH processes were successfully achieved theoretically. Before applying optimum theoretical PID parameters to the experimental process, a 639, 597 42, 826, 454 48, 766, 452, 368 100, 140, 713, 806, 497 43, 114, 500 49, 246, 201, 374 102, 004, 824, 881 CST 141, 552, 681 52, 438, 296 65, 380, 887, 625 1, 760, 394, 219 pH RSM 11, 089 3, 721 898, 180 1, 558, 158 16, 194 17, 164, 241 39, 618, 029 16, 920 17, 576, 047 44, 042, 326 CST 46, 023 16, 165 17, 158, 498 39, 602, 857 Figure 4 | Variations of treatment variables of pulp and paper mill wastewater under uncontrolled conditions. study without control was carried out to compare the results with controlled conditions with respect to pollutant removal and energy consumption. The variation of electrical conductivity, pH, temperature and potential difference with time are given in Figure 4 . It is clearly shown in Figure 4 that electrical conductivity was reduced by 0.08 mS/cm while temperature, pH and potential difference increased by 2.43 C, 0.88 units and 1.16 V during 15 min of treatment.
The first experimental control was performed for single input-single output (SISO) electrical conductivity under 15 C constant temperature using optimum PID parameters.
Control results of SISO electrical conductivity are shown in Figure 5 . Uncontrolled pH was increased by 0.7 units in this experiment. It can be seen from the figure that optimum PID parameters successfully controlled electrical conductivity at a desired value of 2.72 mS/cm. Potential difference decreased with the control of electrical Variations of COD values with time were determined and are shown in Figure 8 . It can be concluded from the figure that MIMO control implied maximum COD removal at 7 min of treatment. pH controlled treatment showed a COD value close to MIMO treatment at the end of 15 min. This result revealed that pH is one of the most effective parameters on COD removal in an EC process since monomeric and several polymeric hydroxo species may form at an appropriate pH of the solution (Solak et al. ) .
Experimental studies were compared with respect to COD, colour and turbidity removal percentages and energy consumption. It can be seen from Table 10 that MIMO control provided maximum COD removal, whereas minimum energy consumption was achieved with SISO electrical conductivity control. 
CONCLUSIONS
In this work, the performance of a new PID parameter tuning method was evaluated. The results indicate that the controller tuned using RSM performs much better than the controllers tuned with CST in MATLAB, and the conventional tuning methods of Cohen-Coon and Ziegler-Nichols. SISO electrical conductivity, SISO pH and MIMO control studies were carried out experimentally by using theoretically optimized PID parameters and performance of the controllers were found satisfactory. MIMO control application showed minimum performance criteria values and this result indicated that there is synergistic interaction between electrical conductivity and pH controllers. Pollutant removal and energy consumption values of the control studies were compared with uncontrolled treatment. According to the results, SISO electrical conductivity control decreased energy consumption and SISO pH control was evaluated to be effective in COD removal. Compared with uncontrolled treatment, SISO electrical conductivity, SISO pH and MIMO control applications increased COD removal by 10.71%, 16.55%, 18.22% respectively. Colour and turbidity removal percentages were above 97% and almost the same for all types of experiment performed in this study and this result is related to EC, which is an effective treatment method for removing even the smallest colloidal particles that cause turbidity and colour problems in wastewater. As a conclusion RSM can effectively be used for PID parameter tuning as a new method. Enhancement of pollutant removal and decrease in energy consumption goals were achieved with MIMO control, which made the EC process more applicable.
